Unilateral cerebral hypoxia-oligemia was produced in anesthetized mice using carotid artery occlu sion combined with systemic hypoxia (10% O2), In the cerebral cortex ipsilateral to the carotid occlusion, ATP levels were depleted during a 30-min insult, but were re stored to 64% of control during 60 min of recovery. Pre treatment of animals with glucose diminished the resto ration of ATP in a dose-dependent manner. Thus, when blood glucose levels exceeded 12-13 mM (225 mg/dl), ATP recovery was greatly impaired. Neither galactose nor 3-0-methylglucose mimicked the detrimental effect of glucose. However, pretreatment with mannose, which is readily metabolized by brain, impaired restoration of ATP. The impairment, therefore, appears to be specific for substrates of cerebral metabolism. The ischemic ac-
Ischemic brain damage in experimental animals is greatly exacerbated by pretreatment with glucose (Myers and Yamaguchi, 1977; Siemkowicz and Hansen, 1978; Ginsberg et aI., 1980; Welsh et ai., 1980; Kalimo et al., 1981; Rehncrona et al., 1981; Gardiner et al., 1982; Pulsinelli et al., 1982) . The mechanism of this effect may be related to the ad ditional lactic acid which accumulates during isch emia in the brain of glucose-pretreated animals (Myers and Yamaguchi, 1976; Welsh et al., 1980; and Rehncrona et ai., 1981) . However, two obser vations indicate that factors other than lactic aci dosis may contribute to the detrimental effects of glucose pretreatment. First, the ischemic build-up of lactate in the cat cerebral cortex was augmented from 32 to only 44 mmol/kg by glucose pretreat ment, yet postischemic recovery of blood flow and energy metabolism was markedly impaired com-cumulation of lactate in the ipsilateral cortex was aug mented by only 30% at blood glucose levels well above the threshold for ATP recovery. Thus, unless recovery of energy metabolism is sensitive to small increments in brain lactate, it is difficult to explain the glucose-induced energy failure on the basis of enhanced lactic acidosis. Ipsilateral cerebral blood flow (CBF), measured with [14C]iodoantipyrine during hypoxia and recovery, was lower in glucose-pretreated than in saline-pretreated an imals. However, the poor correlation between CBF and ATP, measured in the same tissue samples at 15 min re covery, failed to substantiate that regeneration of ATP was flow-limited early in recovery. Key Words: ATP Blood flow-Glucose-Hypoxia-Ischemia-Lactate. pared to that after saline pretreatment. Second, the accumulation of cortical lactate during ischemia was regionally homogeneous , in sharp contrast to the regional hetereogeneity of the postischemic recovery of blood flow and energy metabolites. Thus, both the limited degree and the lack of regional correspondence of the glucose-en hanced lactate accumulation suggest that additional factors play an important role in ischemic damage.
The purpose of the present investigation was to examine in more detail the effects of glucose on cerebral oligemia. Thus, we determined (a) the threshold dose of glucose required to impair re covery of ATP, (b) the carbohydrate specificity of the impairment, (c) the relationship of lactate ac cumulation to ATP recovery, and (d) the correlation between cerebral blood flow (CBF) and restoration of ATP.
MATERIALS AND METHODS
Young adult male mice (C57BlIJ6, Jackson Laborato ries), fed ad libitum and weighing 20-25 g, were admin-istered 0.2 ml 0.15 M NaCI or 2 M glucose i. p. 30 min prior to cerebral hypoxia-oligemia. The animals were anesthetized with tribromoethanol (300 mg/kg, i. p. ), which is a short-acting anesthetic of the chloral type (Lehmann and Knoefel, 1938) . The common carotid ar tery on the right side was then isolated and encircled loosely with 6-0-monofilament nylon. After sampling 5 fLl of arterial blood from the tail, the carotid artery was drawn halfway into a 2-mm length of polyethylene tubing (0.3 mm inner diameter), and the animal was placed into a 450-ml jar. A humidified mixture of 10% O2/90% N2 was passed through the jar at a rate of 2,000 mllmin. The rectal temperature of the animal was maintained between 37°C and 38°C with a warming tray and heat lamp. Following a 30-min insult, the animal was returned to room air and the carotid occluder was removed for a 60-min period of normothermic recovery. The animals remained anesthe tized for the duration of the hypoxic insult, but by 60 min of recovery, righting reflex and response to touch had returned. Approximately 25% of the animals did not sur vive the hypoxic insult; however, there was no significant difference in survival between saline-and glucose-treated mice.
For determination of cerebral metabolites, the brain was quick-frozen by immersing the animal in liquid N2.
In a -25°C chamber, four to six samples were dissected from the cerebral cortex at the level of the hippocampus (see Fig. 1 for location of regions). The samples were weighed (0.5-1.0 mg) and extracted with 40 fLl 0. 1 N NaOH in methanol at -2YC. Following the addition of 0.1 N NaOH at O°C, the extracts were heated for 10 min at 60°C to inactivate tissue enzymes and assayed for ATP and lactate using enzymatic, flu oro metric methods (Lowry and Passonneau, 1972) . Blood samples (2 fLl) were diluted to 100 fLl with 0.1 N HCI, heated for 10 min at 60°C, and assayed for glucose fluorometrically.
CBF was measured using the iodo-[14C]antipyrine tech nique (Sakurada et aI., 1978) . Following i.p. injection of 2.5 fLCi in 0.2 ml (50 fLCi/fLmol), the tail artery was sam-pled intermittently (three or four samples) for 60 s, at which time the animal was decapitated. The head was immediately immersed in liquid N2, permitting combined measurement of ATP and CBF. Brain samples were dis sected at -2YC as described above, extracted, and as sayed for ATP. The assay mixture was then added to 10 ml of scintillation fluid and counted. Arterial samples (5 fLl) were centrifuged, and 2 fLl of plasma was counted to determine 14C content. In some animals, only one arterial sample could be obtained (at 60 s); in these cases, a linear increase of arterial iodoantipyrine was used to calculate CBF. Based on animals in which three or four arterial samples were obtained, this assumption overestimates the arterial integral by 26% and thus would underestimate flow by 26%.
Statistical comparisons of mean values between groups were evaluated using Dunnett's t test (Dunnett, 1964) . Correlation coefficients were derived by linear regression analysis.
RESULTS
Blood glucose levels, measured at the onset of hypoxia-oligemia, were 11.0 ± 0.5 mM (mean ± SEM, n = 50) and 34.4 ± 1.4 mM (n = 56) fol lowing saline and glucose pretreatment, respec tively. In 13 animals in which pre-and posthypoxic blood samples were obtained, blood glucose levels were only slightly increased during the hypoxic in sult (mean difference, + 1.7 mM; range, -4.9 to + 10.9 mM).
ATP levels in the cerebral cortex ipsilateral to the carotid occlusion decreased rapidly during hypoxia in both pretreatment groups (Table I) . Thus, at 10 and 30 min, respectively, ATP was reduced to 30% and 7% of control levels. In the contralateral b Significantly different from saline (p < 0.01). Values for AT P (mmollkg) are means ± SE, except where n = 2 (mean ± half-range). n, number of animals in each group. cortex, ATP levels were only slightly diminished from those in controls during the 30-min insult. At 15 min of recovery, ipsilateral ATP was restored to 54% and 39% of control levels in saline-and glu cose-treated animals, respectively, but the differ ence was not statistically significant (p > 0.05). However, at 60 min of recovery, ATP levels in sa line-treated animals increased to 64% of control, contrasting with the secondary depletion of ATP in animals pretreated with glucose.
Within the ipsilateral cortex, recovery levels of ATP were lowest in regions supplied by the middle cerebral artery (samples R2 and R3, Fig. 1 ). By comparison, cortex adjacent to the midline (sample Rl), which is supplied by the anterior cerebral ar tery, contained slightly higher levels of ATP, al though still markedly reduced relative to levels in the contralateral cortex. Because of this intrahem ispheric variability, sampling in the present study was restricted to the territory of the middle cerebral artery. Figure 1 also shows dependence of ATP recovery on the dose of glucose administered. Pretreatment with 0.1 ml rather than 0.2 ml 2 M glucose impaired ATP recovery to an intermediate degree. This dose response is better characterized by comparing blood glucose with ATP recovery in individual an imals (Fig. 2) . Between 10 and 15 mM blood glu cose, there was a steep transition in the extent of ATP recovery. Thus, with one exception, ipsilateral ATP was <0.5 mmollkg in animals with blood glu cose exceeding 15 mM.
Administration of glucose at the onset of hy poxia, rather than 30 min prior to hypoxia, did not alter the adverse effect on ATP recovery (Table 2) . However, when glucose treatment was delayed until the onset of recovery, then ATP restitution was markedly improved. Similarly, shortening the ce-
rebral insult from 30 to 20 min permitted substantial restoration of ATP levels in glucose-pretreated an imals. Finally, lowering the temperature of the an imal to 32-33°C completely blocked the impairment to ipsilateral energy metabolism.
Of several non-glucose carbohydrates tested, only mannose interfered with ATP restoration to a degree equivalent to that of glucose (Table 3) . Nei ther 3-0-methylglucose nor galactose was able to mimick the adverse effects of glucose pretreatment. ATP restoration following administration of ribose, although somewhat impaired, was significantly greater relative to pretreatment with glucose or mannose. Blood glucose levels did not differ among groups pretreated with a carbohydrate other than glucose.
The accumulation of lactate in the ipsilateral cortex during hypoxia-oligemia was significantly greater in glucose-treated than in saline-treated an imals, but the difference was not large (Table 4) . Thus, at 10 and 30 min, the increments in lactate were 37% and 30%, respectively. In the contralat eral cortex of both groups, lactate increased slightly between 10 and 30 min. The correlation between blood glucose and ipsilateral lactate in individual animals, though slightly positive, was not strong (Fig. 3) . Thus, unlike the relationship between ATP recovery and blood glucose ( Fig. 1 ), lactate accu mulation increased only gradually with elevated blood glucose.
Blood flow in the ipsilateral cortex decreased during hypoxia in both pretreatment groups (Table  5) . At 30 min of hypoxia, ipsilateral flow was sig nificantly lower in glucose-treated than in saline treated animals. Contralateral flow in the glucose group also decreased during hypoxia, but the levels were not significantly lower than contralateral flows following saline treatment. During recovery, ipsi- 1983 FIG. 1. Regional recovery of ATP. Animals were pretreated with 0.2 ml saline, 0.1 ml 2 M glucose, or 0.2 2 M glucose and sub jected to 30 min of unilateral hypoxia-isch emia, followed by 60 min recovery. Six re gions of cortex were assayed for ATP. Each point is the mean of six animals, with brackets indicating standard error. lateral flow returned to levels equaling those of the contralateral cortex in both pretreatment groups. At 60 min of recovery, blood flow was significantly lower bilaterally in glucose-pretreated than in sa line-pretreated animals.
Since ATP was measured in the tissue samples analyzed for CBF, it was possible to correlate re covery of ATP directly with flow ( Fig. 4) . At 15 min of recovery in glucose-treated animals, ipsilateral recovery of ATP correlated weakly (r = 0.46) with CBF as flow ranged from 5 to 45 mill 00 glmin in samples in which ATP was <1 mmollkg. Interest ingly, in saline-treated animals at this time, ATP varied inversely with CBF.
DISCUSSION
The results demonstrate the dose-dependent ef fects of glucose pretreatment on recovery of energy metabolism following cerebral hypoxia-oligemia. Restoration of ATP levels was closely related to the concentration of glucose in blood at the onset of hypoxia-oligemia. When blood glucose levels ex ceeded a narrow threshold of 12-13 mM (225 mgl dl), recovery of ATP levels was markedly impaired. Since this threshold was only slightly greater than the blood glucose levels in animals pretreated with saline, a relatively modest elevation of blood glu cose had a pronounced influence on recovery of brain energy metabolism .
Similar to previous findings (Rehncrona et aI., 1981) , administration of glucose following the ce rebral insult did not impair restoration of ATP, com pared with saline-treatment. Thus, hyperglycemia per se did not directly affect energy metabolism during the recovery period. Rather, the energy failure was dependent on the presence of additional glucose during the hypoxic-oligemic insult. The adverse effect on ATP recovery was specific to carbohydrates which are readily metabolized by brain. Pretreatment with mannose, which can sub stitute for glucose in supporting cerebral metabo lism (Ghosh et aI., 1972) , also caused a profound impairment in ATP recovery. Mannose is trans ported from blood to brain by the hexose carrier (Pardridge and Oldendorf, 1975) , and is phosphor ylated by brain hexokinase (Joshi and Jagannathan, 1968) . The mannose-6-phosphate formed can then join the glycolytic pathway upon isomerization to fructose-6-phosphate by phosphomannose iso merase, which is present in brain tissue (Kizer and McCoy, 1960) . In contrast, galactose, which has low affinity for the hexose carrier (Pardridge and Oldendorf, 1975) and thus cannot readily enter the brain, did not cause energy failure. Likewise, 3-0methylglucose, which is transported into brain (Pardridge and Oldendorf, 1975) but is not phos phorylated, did not mimick the detrimental effects of glucose pretreatment. These results indicate that nonspecific effects of carbohydrate administration, such as alterations of plasma osmolality, are not involved in the pathogenic mechanism. Further more, increased transport of carbohydrate into brain, as would occur with 3-0-methylglucose, was not deleterious. Therefore, cerebral metabolism of added carbohydrate appears to impede recovery of energy metabolism. This carbohydrate specificity is consistent with the hypothesis that increased accumulation of lactic acid may mediate the adverse effect of glucose on cerebral ischemia (Myers and Yamaguchi, 1977) . However, in the present study, lactate accumulated to high levels in saline-treated animals, yet recovery of energy metabolism was not grossly impaired. Moreover, administration of glucose had a pro nounced effect on ATP recovery without greatly augmenting the accumulation of lactate. Indeed, the blood glucose threshold for impaired ATP recovery was marked by minor increments of brain lactate. Even at blood glucose levels well above the critical threshold, lactate accumulation was only moder ately increased. Therefore, unless recovery of en ergy metabolism is sensitive to very small incre ments of brain lactate, it is difficult to explain the glucose-induced energy failure on the basis of lac tate levels alone.
The effect of small changes of lactic acid on in tracellular pH is not easy to determine. Hypoxic- ischemic alterations of other acids affect pH, and the buffer capacity of the intracellular space is not well known in the acid range. In a model of com plete ischemia in the rat brain, pretreatment with glucose increased the accumulation of lactate from 14 to 21 mmollkg and decreased intracellular pH by 0.37 units (Ljunggren et aI., 1974) . Granted the lim itations of extrapolating to higher levels of lactate in a different animal model, it nevertheless appears unlikely that the increments of lactate measured in the present study could decrease intracellular pH enough to interfere with ATP recovery. U sing a model of unilateral hypoxia-oligemia in the rat, Gardiner et al. (1982) examined the effects of blood glucose on brain metabolite levels. Postin suIt recovery of energy state was significantly better in fasted animals relative to fed or glucose-infused animals. Interestingly, the administration of glucose to fasted animals augmented the accumulation of lactate during the insult by only 4.2 mmollkg (24%), yet significantly impaired the recovery of energy state. However, since the decline in ATP levels during hypoxia-oligemia was greater in the glu cose-infused group, factors other than lactate ac cumulation may have accounted for the adverse ef fect on ATP regeneration. Previous reports have demonstrated that pre treatment with glucose impairs restoration of CBF as well as energy metabolism (Ginsberg et aI., 1980) . In the present model, ipsilateral blood flow decreased during hypoxia in both saline-and glu cose-treated animals. Although the flow reduction (combined with systemic hypoxia) was sufficient to deplete ATP levels in both groups, flow values at 30 min of hypoxia were lowest in animals pretreated with glucose. This glucose-induced hypoperfusion during hypoxia may adversely affect recovery of flow and metabolism, although the mechanism is not apparent. Postinsult CBF was diminished by glucose pretreatment, particularly at 60 min of re covery. The key question is whether this diminution of flow plays a role in limiting the restoration of ATP. At 15 min of recovery in glucose-treated ani mals, ATP levels correlated poorly with CBF, thus failing to indicate that the initial regeneration of ATP was limited by blood flow. The inverse corre lation between CBF and ATP at this time in saline treated animals suggests that CBF remains elevated until substantial amounts of ATP have been resyn thesized.
At 60 min of recovery, both CBF and ATP in the ipsilateral cortex were significantly lower in glu cose-pretreated than in saline-pretreated animals. Thus, it is possible that the decline in flow caused the secondary energy failure. However, since CBF in the contralateral cortex of glucose-treated ani- mals declined to similar levels (24 mlll00 g/min) without affecting ATP content, it is evident that this degree of hypoperfusion in itself is not sufficient to cause energy failure. Nevertheless, previously isch emic tissue may require higher levels of flow in order to reestablish energy metabolism. Thus, sec ondary failure of energy metabolism correlates with hypoperfusion at 60 min of recovery, but whether hypoperfusion is the cause or the result of energy failure cannot be determined from the present find mgs.
In summary, the specificity of the adverse effects of carbohydrate administration for metabolizeable substrates suggests that glycolytic metabolism is in volved in the pathologic mechanism, but in the ab sence of large changes in lactate, the link to im paired recovery of energy metabolism remains ob scure. The initial regeneration of ATP during the first 15 min of recovery in glucose-treated animals indicates that the effects on oxidative phosphory lation develop during the first hour of recovery. This evolution may represent the inevitable pro gression of intrinsic alterations triggered by the in sult. For example, the gradual formation of tissue edema might compromise CBF and thus lead to sec ondary energy failure. Postischemic edema forma tion is accentuated in glucose-treated animals (Myers, 1979; Kalimo et aI., 1981) , possibly due to osmotic effects of intracellular lactate. However, in the present study, lactate levels were already high in saline-treated animals, yet secondary energy failure did not occur. Further, it is possible that edema is the result of cellular damage rather than the cause. Rehncrona et al. (1976) demonstrated postischemic deterioration of the respiratory rate of isolated mitochondria. Thus, structural damage to the mitochondria may require 15-30 min before ox idative phosphorylation is grossly inhibited. Al though mitochondrial upcoupling may be involved, previous work suggests that the rate of NADH pro duction may be a factor limiting energy metabolism (Welsh et aI., 1982) .
In the present experimental model, glucose pre treatment produces irreversible energy failure, which most likely represents an early stage of ce rebral infarction. The substantial restoration of ATP levels (to 64% of normal) in saline-treated animals, however, guarantees neither the return of cerebral function nor the absence of cellular injury. Indeed, selective neuronal damage has been demonstrated following ischemic insults which permit substantial recovery of energy metabolites (Salford et aI., 1973; Marshall et aI., 1975; Ginsberg et aI., 1979) . How ever, inadequate restoration of energy metabolism precludes recovery of cerebral function. Therefore, it is important to identify the critical factors which interfere with energy metabolism following cerebral hypoxia-ischemia.
